Abstract-The bevel-tip flexible needle is an improvement of the traditional rigid needle and has the potential to reduce traumas, improve the controllability and reach multi-targets in one insertion. The needle steering robot system has the ability to deal with complex puncture environment and to improve the puncture precision, but it requires a precise feedback of needle tip's position and attitude. Computerized tomography (CT) is a widely available imaging system that provides precise and clear images. Unfortunately, CT is not a real-time system and it is impossible to fetch the attitude of bevel-tip needle from CT image. A new method is proposed to estimate the attitude, in which the unscented kalman filter is employed. We extract the positions of the needle in CT images, reconstruct the needle shape, calculate the control quantity according to the insert distance and then estimate the attitude of the needle tip. Simulations and experiments demonstrate that the method proposed is effective. Implementation of shape reconstruction and attitude estimation of the bevel-tip needle in biological tissue is a significant step toward the precise control of bevel-tip needles.
1
Abstract-The bevel-tip flexible needle is an improvement of the traditional rigid needle and has the potential to reduce traumas, improve the controllability and reach multi-targets in one insertion. The needle steering robot system has the ability to deal with complex puncture environment and to improve the puncture precision, but it requires a precise feedback of needle tip's position and attitude. Computerized tomography (CT) is a widely available imaging system that provides precise and clear images. Unfortunately, CT is not a real-time system and it is impossible to fetch the attitude of bevel-tip needle from CT image. A new method is proposed to estimate the attitude, in which the unscented kalman filter is employed. We extract the positions of the needle in CT images, reconstruct the needle shape, calculate the control quantity according to the insert distance and then estimate the attitude of the needle tip. Simulations and experiments demonstrate that the method proposed is effective. Implementation of shape reconstruction and attitude estimation of the bevel-tip needle in biological tissue is a significant step toward the precise control of bevel-tip needles.
I. INTRODUCTION
On account of tiny traumas, few complications and rapid recovery, percutaneous punctures are widely performed in biopsy [1] , injection, radiofrequency ablation [2] , brachytherapy [3] and so on. However, it is a tough thing to drive the needle to a target precisely, due to the asymmetry force imposed by biological tissue, inhomogeneous tissue and surgeon's hand-eye incoordination and fatigue. In order to improve the puncture precision, the asymmetry force is utilized rather than be eliminated. Therefore, the bevel-tip flexible needle which has a prominent bevel tip and is made up of elastic alloy material has been proposed [4] . Compared to the traditional rigid puncture needle, bevel-tip needles are more flexible and controllable. Thus, they are able to reach targets such as tumors in liver that are blocked by bone, vessel or other sensitive structures. In radiofrequency ablation or brachytherapy, several targets should be reached. To perform this surgery, a number of insertions should be executed [5] . Nevertheless, the bevel-tip needle has the ability of reaching targets in one insertion via precise planning and controlling. However, it is a difficult task for surgeons to driving the bevel-tip needle manually.
Due to the high control precision of needle steering robot systems, they offer the ability to drive flexible needles to avoid obstacles, fix deviation and reach targets precisely along three dimensional (3-D) planned paths through tissues [6, 7] . The planned path is optimized according to the target position, environment around the target, and the position of the bevel-tip needle's tip. Driving needles to follow the planned path, the position and attitude of the needle tip are prerequisite. Thus, imaging needles in biological tissues during insertion process should be carried out. In this paper, we focus on the flexible needle shape reconstruction and the estimation of the needle tip attitude via pictorial information.
The research of flexible needle is a new field and there are few works that focus on the needle shape reconstruction and the estimation of the needle tip attitude. In order to locate the tip of a inserted needle in a patient, Rocha et al. [8] proposed a multi-layer perceptron neural networks to detect needles in ultrasound images. The ultrasound image quality is highly dependent on the angle between the ultrasound-imaging plane and the needle. At some angles, the needle may not be visible at all. Dealing with this situation, Adebar et al. [9] attached a vibration model to the needle and employed Ultrasound Doppler to image the needle. Third-order polynomial functions were used to reconstruct the needle shape, and the average reconstructive error was 1-2mm. The needle tip was located, but the tip attitude was still unknown. Vrooijink et al. [10, 11] figured out the tip attitude according to the tip positions and the insert velocity, the kalman observer was used to reduce the effect of noise.
Ultrasound system (US), magnetic resonance imaging (MRI) and X-ray imaging could all potentially be applied to intra-operative guidance of bevel-tip needles, but each of them has significant drawbacks such as the low signal-to-noise ratio and poor image resolution of US [12] , and the MRI incompatibility of instruments made of magnetic and electric materials [13] . Although Computed tomography imaging (CT) does have drawbacks, such as non-real time and electromagnetic radiation, it is employed in our work due to its advantages. CT images biological tissues clearly, provides absolute positions of needles and tissues, and is not strongly affected by the presence of needles [14] . The focus of this paper is how to reconstruct the needle shape and estimate the tip attitude via CT images.
The paper is organized as follows: Section II describes the image-processing algorithm used to locate the flexible needle in CT image and the needle shape reconstruction algorithm. Then, the tip attitude is estimated in Section III, and the estimate method is presented. Section IV
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Zhuhai, China, December [6] [7] [8] [9] 2015 demonstrates the setup and experiments performed to verify the performance of methods proposed. Finally, in Section V, we conclude our works and provide directions for the future work.
II. NEEDLE SHAPE RECONSTRUCTION
Computed tomography imaging (CT) is a image system that produces tomographic images of specific areas of a scanned object via computer-processed X-rays. As shown in Figure 1 , the imaged tissue is splitted into a series of slice images and the flexible needle is splitted into discrete points. In order to rebuilt the needle shape, discrete points of the needle should be extracted from slice images. In the following sections, the methods of image processing and needle shape reconstruction will be described in detail.
A. CT Image Processing
As shown in Figure 1 (b), the gray region represents tissues, while the white region where is the brightest in the image is a segment of the flexible needle. Obviously, the white region can be distinguished from other region simply according to the gray value of pixels. As the white region consists of a certain quantity pixels, a pixel has to be selected to represent the position of the flexible needle. We can choose the pixel in the light of pixels' gray value. It is a simple but not precise method. To improve the precision, the center position of the white region should be located. The white region is round like as shown in Figure 2 , which is enlarged to make it more apparent. As the radius of the region is small, the Hough-circle transform is unsuitable to locate the center of the white region. Here, we present a new method to deal with this situation.
Firstly, the whole image is searched for the pixel whose gray value is the maximum and , are lateral and vertical axis values in the image coordinate . Let , here represents the central point of the white region. Secondly, the white region boundary is explored as following: set , move up until the gray value difference between and the next pixel is greater than the threshold value which is set to distinguish the white region from other regions; Thus we get the upper bound . In this way, we set , move down, left, right and get the lower boundary , left boundary , right boundary respectively. Then is updated in the following method: , . Repeat the above steps until the central point is unchanged. The final is the position of flexible needle in the image coordinate. In the end, the central point is transformed to the world coordinate .
(
Here, is the flexible needle position in the world coordinate, are the CT image resolutions in lateral and vertical direction.
are the distances between pixels in lateral and vertical direction. 
B. Needle Shape Reconstruction
As the scanned object is splitted into tomographic images, we have to extract flexible needle positions in all images to rebuild the shape of flexible needle. All the slice images are processed as the method presented above, and we get the needle positions in the world coordinate, , is the number of slice images. In order to describe the needle shape in 3D coordinate system, the z direction is defined as the needle insertion direction. Needle positions in z-axis is , here is the distance between two adjacent slice images, is the order of slice images. Therefore, we get the needle position in 3D coordinate, .
Inserted into tissues, the flexible needle shape is smooth due to the elasticity of flexible needles and tissues. Thus, the shape of the needle can be resolved by defining the and coordinates as functions of the coordinate over the range of . In our study, four-order polynomial functions are employed. And the polynomial coefficients are solved by minimizing the sum of the squared error between the measured CT points and the fitted points. This curve type is selected due to it is sufficient to fit needle shapes in our study. (2) Here, are the fitted result, are the vectors of polynomial coefficients. The fitted error for the th point is defined as follow:
And the fitting precision of needle shape (4) is calculated to be minimized to solve the polynomial coefficients.
III. NEEDLE TIP ATTITUDE ESTIMATION
In order to drive bevel-tip needles to target precisely, the needle tip states including position and attitude are prerequisite. The tip position is obtained via the method mentioned above; nevertheless, it's very difficult to measure the tip attitude due to that the tip is too tiny to extract effective information from images or be mounted a attitude sensor. Therefore, we have to get the tip attitude indirectly via estimation methods that have the ability to estimate unmeasurable states according to inputs and measurable outputs. Here, the measurable outputs are tip position. In the following, how the inputs are gotten and how the tip attitude is estimated are introduced.
A. Computing Method of Inputs
In the view of reducing electromagnetic radiation suffered by patients and medical workers and shortening the surgery time, the CT scan cannot be executed many times. Each scan acquires a series of needle body positions and one needle tip position. That is to say, there are too few iteration steps in estimation methods to be convergent if we only use the tip position information in an insertion surgery. Fortunately, after processing, the considerable quantity positions of needle body can be made use of to increase the iteration steps of estimation methods. And this will lead estimation methods to be convergent.
In order to make use of the needle body positions, we assume that the flexible needle follows the needle tip accurately and will not shift after being inserted. Under the assumption, the static needle positions in a CT scan can be regarded as a dynamic process that the needle tip reaches the current tip position following needle body positions. However, there is another question that how to get the control inputs corresponding to outputs, i.e. the needle body positions. Due to the invariance of the flexible needle length, we calculate the control inputs corresponding to the needle body positions according to the inserted length.
The control variables of flexible needles include the rotated angle and the inserted length , and an insert path has a series of control inputs associated with it. The length of flexible needles is invariable, so the whole inserted length which can get from CT images is equal to the sum of inserted lengths . Thus, the control inputs corresponding to the needle body positions can be calculated according to the following steps. Firstly, the inserted length is accumulated from the initial point to the current needle body positions,
Here, is the number of current slice image, is the distance between the needle body points and . Then, we compare the inserted length with the series of control inputs to compute the control input of the current needle body positions. (5) Thus, we get the control inputs corresponding to the needle body positions.
B. Tip Attitude Estimation
To estimate the tip attitude, a flexible needle model and an estimation method are needed. The choice of estimation method is determined by the flexible needle model. Therefore, the model will be introduced firstly.
The nonholonomic model of flexible needles was proposed by Webster [4] , and improved by Kallem [15] who reduced the model parameters from three to one. The discrete flexible needle model is shown in the following. (6) Here, are needle tip positions, are needle tip attitudes, are the control inputs, inserted length and rotated angle, is the model parameter. As formula (6) shown, the model is strong nonlinear and it is hardly to linearize the model due to that the model states and the inputs are product relation. So, the unscented kalman filter (UKF) [16] which is designed to handle nonlinear systems is employed to estimate needle tip attitudes. The algorithm process of UKF is represented in the following: 1) Algorithm initializing. We set up the standard deviations of process noise and measurement noise, initial value of the tip states and the covariance matrix. 2) Time update. The states are predicted according to the last estimated states and inputs. 3) Measurement update. The predicted states are corrected according to the measurements. Thus, we get the estimated states. Repeat step 2-3 to the end.
IV. SIMULATED VALIDATION AND EXPERIMENTS
As the tip attitude is unmeasurable, we validate the methods mentioned above via simulations. Then, the experiment platform and experiment results are introduced and discussed.
A. Simulated Validation
Simulations are conducted in MATLAB. Firstly, we use the discrete flexible needle model to produce the inserted path, process noise and measurement noise are also taken into account. The simulations parameters are setup as following: the series of control inputs is , initial state is , model parameter is , the standard deviation of process noise Q is chosen to be 0.01 which is minimum due to the short simulation period, and the pixel spacing of CT images is 0.35mm, that is to say the measurement accuracy is 0.35mm, therefore the standard deviation of measurement noise R is set to be 0.15 which is almost a half of the measurement accuracy. The As shown in Figure 3 , the solid line is the insert path without measurement noise. It is an ideal path and is regarded as the comparative standard. Green points represent the measurement data that are scattered due to the effect of measurement noise. It will generate large deviation to compute the inputs corresponding to the measurement data with the measurement data directly. So, we fit the measurement data by the method mentioned in section II, the fitting precision is , the fitting result is shown in figure via the dash line. Then, the control inputs are computed according to the fitting result. The estimation is carried out and results are shown in Figure 4 . The estimated value of attitude angles and deviates from the theoretical value at the beginning and then converges quickly. As shown in Figure  5 , the mean square errors of the deviation between the convergent estimated value and the theoretical value are 0.37 degree and 0.38 degree for attitude angles and respectively. Though, the attitude angle incompletely converge to the theoretical value, the mean square error is 4.07 degree, it's still acceptable due to that effects the tip positions via and which will be revised by the tip positions feedback.
B. Experiment Platform
The experiment platform includes three parts: driving mechanism, host computer and computed tomography. The driving mechanism has two degrees of freedom, insertion and rotation as shown in Figure 6 . Insertion is realized via a RS102B linear motor. A rotary motor from FAULHABER controls the orientation of the flexible needle tip. All programs run on a workstation Z800. The flexible needle is made of nitinol, and the tip bevel angle is 30 degree, the diameter is 0.8mm. The tissue inserted by flexible needles is pork. The CT we used is a sixteen-detector row lightspeed computed tomography from GE Inc. as shown in 
C. Experiment Results
Experiments are carried out on the platform mentioned above. The flexible needle is driven into pork tissues and imaged by CT. Needle body positions are extracted using the method mentioned in section II. The flexible needle model parameter should be estimated firstly. According to the model parameter off-line estimation method proposed by Webster [4] , the flexible needle is driven three times without rotation control, and the model parameter is set as 398.04mm which is the mean value of estimation results that are 398.55mm, 390.43mm and 405.15mm. We set the control series as , the same as the control series in simulation experiments, and execute an insertion. Then, the needle shape is rebuilt as shown in Figure 8 , the fitting precision is . The initial states of the needle tip in CT image coordinate are set to be zeroes in simulations presented above. However, in ex vivo experiments, the coordinates of the driving device and CT are not coincident exactly. That is to say, the initial states in CT image coordinate are not zeroes. That is why the needle shape is different from the shape shown in Figure 3 . The estimation results of needle tip attitudes are shown in Figure  9 . Though the precision of the estimation results cannot be verified via comparing the estimated results with the actual value, we can predict that the result is effective according to the simulated validation results in section IV (A).
V. CONCLUSION
In this article, we demonstrate the preparatory works for CT guidance of robotic flexible needle steering in biological tissue. An effective method of extracting needle body positions from CT images is proposed, and then the needle shape is rebuilt using four-order polynomial functions. In order to obtain needle tip attitudes, which are necessary to pre-plan insertion paths, or to drive flexible needles, UKF is employed and the control inputs corresponding to the needle body positions are computed according to the fitting result. The estimated accuracies in simulations are 0.37 degree on the attitude angle , 0.38 degree on , and 4.07 degree on . At the last, experiments are carried out in biological tissue, and the needle tip positions and attitudes are estimated.
In our future work, we will continue to refine our works and execute experiments that drive flexible needles to target via CT guidance. This serves as the first step to the clinical applications of the flexible needles. 
